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Method details {#se0155}
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Method {#sec0005}
------

The method to determine parameters and describe the sintering process of mixtures of the elemental metallic powders Fe-Cr and Fe-Cr-Ni, evaluating the elements' diffusing capacity, consists of the following steps:

1 -- Energy Dispersive Spectrometry (EDS) analysis of the metallic powders Fe, Cr and Ni, with a Scanning Electron Microscope (SEM), to verify the morphology of the particles and their respective compositions. Then an X-ray diffraction analysis is executed for the complementary characterization of the composition. The parameters to be used are: copper anodes and wavelength λ = 015,406 nm and angular pitch of 002° \[[@bib0005]\]. The results of the diffraction patterns and the expected position of the peaks for each element in their respective crystal structure are then verified. The morphology and degree of homogeneity of the particles have an important effect on the characteristics of the compact \[[@bib0010]\]. [Fig. 1](#fig0005){ref-type="fig"} presents images of the analysis results obtained with the EDS technique, of the Cr powder supplied and after being sieved.Fig. 1Characterization through EDS of Cr powder supplied and sieved. a) Cr elementary powder; b) Cr screened powder.Fig. 1

The XRD analysis of the powders allows us to verify the peaks' expected position. In [Fig. 2](#fig0010){ref-type="fig"}, the bars in the axis of the graph represent the peaks' expected position.Fig. 2Chrome powder diffractograms.Fig. 2

2 -- Development of samples with individual weighing of each powder (Fe, Cr and Ni). The procedure consists in weighing groups of 90 g for each composition, representing a series of tests. The metal powders should then be inserted into a Y blender and mixed for 60 min at 45 RPM for the homogeneous dispersion of the components. Each mixture should then be weighed into 10 g samples to compose the samples for testing.

3 -- The compression of the samples must follow the process of uniaxial application of a load on a rigid steel die, with an internal diameter of Ø = 18.75 mm \[[@bib0015]\]. A press with capacity for 30 tonnes or more, duly calibrated, should be used. This procedure follows the recommendations of the norm ASTM B925-15 section 7, which identifies the procedure for the making of PM samples, namely: (a) the lower punch, smaller, is inserted into the die, supported by the elastic spacer; (b) the powder is inserted into the cavity, then the upper punch; (c) the assembly is positioned in the press and a load of 1 t is applied to support the die and remove the spacer; (d) the load is applied to its final value at a rate of approximately 20 MPa/second, not exceeding 10 s of permanence; and (e) the pressure is withdrawn, the lower punch is removed and an upper spacer is positioned for the extraction of the compact, executed in the same equipment \[[@bib0005]\].

4 -- The compaction curve should be determined for the Fe powder as it was received by the supplier and for mixtures of 10%, 20% and 30% Cr. The process consists of the compaction of samples according to the process described, with increasing loads of 700 MPa to 1000 MPa. Each sample should have its green density determined, and then its values corresponding to the applied load should be located in a graph; that should be done for each different composition. To determine the Fe graph, the values supplied by the manufacturer should be compared to the measured values of the densities corresponding to the tensions of 700 MPa, 800 MPa, 900 MPa and 1000 MPa. For the Cr mixtures, the densities for the loads involved in the study of 800 MPa, 900 MPa and 1000 MPa should be determined. The compaction curve of the metal powders should be determined. An example is shown in [Fig. 3](#fig0015){ref-type="fig"}.Fig. 3Compaction curve of powder mixtures.Fig. 3

The analysis of the different mixtures shows a tendency of reduction of the densities with the increase in the proportion of Chromium \[[@bib0020]\]. However, the curve continues with the same trend. The curve of the mixture with Nickel was located just above the mixture with 20% Chromium. This was expected, given that nickel particles are smaller than those of the other elements and can attach themselves to the pores of the material, making it more dense.

The SEM analyses and EDS mapping of the sintered samples allow us to analyze the porosity of the material, which can be noticed in the dark spots. [Fig. 4](#fig0020){ref-type="fig"} shows the presence of more dark regions in comparison with the samples that had more immersion time. That is due to the fact that longer immersion times allow for a greater degree of sintering, so that the empty spaces coalesce and close up, as mentioned.Fig. 480%Fe 20%Cr 800 MPa.Fig. 4

5 -- After the compaction process, the samples should be identified and conducted to the sintering process. The sintering of the components needs to occur in a furnace with heating capacity of 1200 °C under argon atmosphere. The furnace should be programmed to heat up to the sintering temperature when it is already inert with argon. When the temperature is reached, the parts must be inserted into the furnace. To avoid oxidation at high temperatures, the samples should be placed on an ASTM 304 steel plate with similar chromium content, to avoid high temperature corrosion or the segregation of components \[[@bib0010]\]. The gas should be leaked at 4 l/min. The heating rate needs to be measured by positioning an auxiliary thermocouple right above the samples, controlled by a thermometer with a minimum resolution of 0,1 °C and referenced at 1200 °C, according to the calibration certificate. The time taken for the samples to reach the final temperature must be observed, and then the samples should be kept in the furnace for 60, 180 and 360 min. After the specified time has been taken, the parts should be removed from the furnace, still in the sintering temperature, and left to cool down in the external environment, in the air. [Fig. 5](#fig0025){ref-type="fig"} shows the optical microscopy quality of the specimen with 80% Fe and 20% Cr compacted with 800 MPa and sintered in Argon atmosphere (Ar) for 60, 180 and 360 min.Fig. 5Optical microscopy of the sample 80%Fe 20%Cr 800 MPa for a) 60, b)180 and c) 360 min.Fig. 5

6 -- SEM analyses and EDS mappings of the sintered samples should be executed. The results of the scanning electron microscopy and the mapping of the region via EDS will be obtained through the variation of retro-scattered electrons, followed by the mapping of the elements of interest in the same region photographed. All samples should be analyzed with composition variation, compaction variation and sintered at 1200 °C for 60, 180 and 360 min. [Fig. 6](#fig0030){ref-type="fig"} shows SEM images with 80% Fe and 20% Cr compacted with 800 MPa and sintered in Argon atmosphere (Ar) for a) 60, b) 180, and c) 360 min.Fig. 6SEM images with 80% Fe and 20% Cr compacted with 800 MPa. a) 60, b) 180, and c) 360 min.Fig. 6

In [Table 1](#tbl0005){ref-type="table"}, below, shows the average values of Vickers hardness and the standard deviations associated with each sample.Table 1Hardness values for the samples.Table 1MixtureStressTime (min)Hardness (HV)DeviationFe 20Cr800 MPa180176.6711.85360150.7219.551000 MPa180160.049.64360197.0616.39  Fe 30Cr800 MPa180214.3418.97360212.8614.221000 MPa180190.212.08360194.3416.92

The results analysis demonstrated a homogeneous dispersion with a narrow range in hardness values in all samples. It is also possible to observe that there was minimal deviation of the hardness values within the same sample. This result suggests that even in samples of shorter compaction time and tension, there was a sufficient chromium distribution to generate no significant changes in the hardness profile \[[@bib0025]\].
